The atomic and electronic structures of an Au-intercalated graphene monolayer on the SiC(0001) surface were investigated using first-principles calculations. The unique Dirac cone of graphene near the K point reappeared as the monolayer was intercalated by Au atoms. Coherent interfaces were used to study the mismatch and the strain at the boundaries. Our calculations showed that the strain at the graphene/Au and Au/SiC(0001) interfaces also played a key role in the electronic structures. Furthermore, we found that at an Au coverage of 3/8 ML, Au intercalation leads to a strong n-type doping of graphene. At 9/8 ML, it exhibited a weak p-type doping, indicative that graphene was not fully decoupled from the substrate. The shift in the Dirac point resulting from the electronic doping was not only due to the different electronegativities but also due to the strain at the interfaces. Our calculated positions of the Dirac points are consistent with those observed in the ARPES experiment (Gierz et al 2010 Phys. Rev. B 81 235408).
Introduction
Graphene has attracted huge research interest due to its unique electronic properties and future applications. It is a gapless semiconductor with linear band dispersion near the K point, in which electrons behave as massless fermions. Recently, epitaxial graphene on SiC(0001) and SiC(0001) have been extensively studied due to the demand of large-scale production [1] [2] [3] [4] [5] [6] [7] [8] [9] . Unlike exfoliated graphene, the interaction between graphene and its supporting substrate usually plays a significant role in manipulating its electronic properties. A shift in the Fermi level above the Dirac point by 0.42 eV was found for graphene above the graphite layer on SiC(0001), which was ascribed to the n-type doping from the SiC(0001) substrate [1] [2] [3] [4] [5] . A substrate-induced energy gap was also observed in epitaxial graphene on SiC(0001) owing to the sublattice symmetry breaking [1, 2] . In contrast, in order to create free-standing graphene, it is necessary to decouple it from the substrate via insertion of a buffer layer between graphene and the SiC(0001) substrate.
Based on the preceding idea, decoupling of graphene has previously been achieved by depositing molecules [7] or an atomic layer of Bi and Sb [6] while Guisinger et al have exposed the graphitized SiC to hydrogen in order to passivate dangling bonds at the interface [10] . Furthermore, Riedl et al have shown that the hydrogen intercalation can induce the desired decoupling [11] . An atomic model in which the hydrogens break the Si-C bonds at the interface and saturate the Si dangling bonds, leaving graphene to behave as a quasifree-standing sheet was proposed. The atomic structures of the decoupled graphene were further studied by Lee et al [12] using first-principles calculations.
Very recently, Gierz et al [13] demonstrated that the strongly interacting first graphitic layer was decoupled from the SiC(0001) substrate via gold intercalation. The atomic structures and effect of strain at the interfaces of graphene/Au and Au/SiC(0001) are still unclear. Thus, a first-principles study which is aimed at understanding the atomic and electronic structures, as well as the effect of strain at the interfaces, is highly desirable.
In this work, the atomic and electronic structures of the gold intercalation of graphene on SiC(0001) are studied in detail using first-principles calculations. We propose the atomic structures corresponding to the Au-intercalated graphene on SiC(0001). Furthermore, we incorporate the effect of strain and find that the calculated Dirac points are in excellent agreement with the measured ones. The rest of this paper is organized as follows: in section 2, we introduce our computational methods. Next, the atomic and electronic structures are analyzed and presented in section 3. Finally, we summarize our major findings with a brief conclusion in section 4.
Computational methods
The calculations were carried out within the generalized gradient approximation (GGA) to density functional theory [14, 15] using a projector-augmented-wave pseudopotential [16] , as implemented in the Vienna ab initio Simulation Package [17] . The kinetic energy cutoff is set to 400 eV. The calculated lattice constants for crystalline 4H-SiC in the wurtzite structure are a = 3.088 and b = 10.111Å, and that for bulk Au in face-centered cubic structure is 4.172Å. The length of the 1 × 1 unit cell of graphene is 2.468Å. Just as in the previous calculations [5, 4, 12] , the √ 3 × √ 3R30
• unit cell of SiC(0001) was used to match the 2 × 2 unit cell of graphene. As a result, the lengths of the supercells are 5.349, 5.110 and 4.936Å for SiC(0001)-√ 3 × √ 3, Au(111)-√ 3 × √ 3 and 2 × 2 graphene, respectively. To take the mismatch into account, coherent interfaces were used. Note that two extreme considerations were used in previous studies [4, 5, 12] . One is that graphene is under about 8% tensile strain [4, 5] and the other is that the SiC(0001) surface experiences about 7% compressive strain [12] .
The coverage of deposited Au is defined as the ratio of the number of Au atoms with respect to the number of C atoms in a 2 × 2 supercell of graphene. There are eight carbon atoms in the 2 × 2 supercell. However, the 2 × 2 supercell corresponds to three topmost Si atoms for SiC(0001) √ 3× √ 3. Therefore, three and nine Au atoms within SiC(0001) √ 3× √ 3 are, respectively, equal to 3/8 ML and 9/8 ML. These coverages roughly correspond to the experimental coverages of 1/3 and 1 ML [13] . Different thicknesses of 4H-SiC(0001) were used throughout our study. A vacuum layer of 12Å is included in the supercell. The bottom carbon atoms were passivated by H atoms. Except for the bottom hydrogens and carbons, the rest of the atoms were relaxed until the residual force on each atom was smaller than 0.01 eVÅ −1 .
We noted that several Monkhorst-Pack grids [18] were used in previous studies [4, 5, 12] . Varchon et al [4] and Mattausch et al [5] used the 9 × 9 × 1 and 7 × 7 × 1 grids, respectively, for studying graphene on SiC(0001). For the Hintercalated graphene, Lee et al used a 4 × 4 × 1 grid [12] . Therefore, before embarking on any serious calculations, the convergence due to the density of the grid should be addressed. An equivalent 9 × 9 × 1 Monkhorst-Pack grid sampling for 2×2 graphene in a previous study [4] may be sufficient to reach convergence in the atomic structures. However, it may not be accurate enough for band structure calculations for elements with a d orbital. The positions of the Dirac points versus the use of the k-point grid using the SiC(0001) √ 3 × √ 3 surface were tested and we found that a denser 21 × 21 × 1 grid sampling should be used for the Brillouin zone integration. The density of the k-point grid is similar to that found in recent studies [19, 20] . Note that one of the grid points should lie right on the k-point in order to evaluate the Fermi level accurately for the p-type doping.
Results and discussion
After examining the accuracy due to the density of the k-point mesh, we turn to atomic structures of the Auintercalated graphene/SiC(0001). First, we constructed the atomic structure in which the Au is intercalated between graphene and SiC(0001) at a coverage of 3/8 ML. Four bilayers of 4H-SiC(0001) are used to simulate the SiC(0001) substrate. We first set the periodicity of the supercell to that of SiC(0001) √ 3 × √ 3, which means graphene is under 8.4% tensile strain. Several structures were examined including those where some of the Au atoms are above graphene and we found that the lowest energy structure is one in which the Au is intercalated between graphene and the SiC(0001) substrate as shown in figure 1(b). We noticed that there are two relative positions of graphene above the Au layer, as shown in figures 1(c) and (f). The energy difference between them is rather small and there is no significant effect on the electronic structures. We will use the atomic structure of figure 1(c) for the rest of the study. It seems that the Au atoms break the Si-C bonds and that they bond with Si atoms, leaving graphene seemingly suspended above the Au layer. The vertical distance between graphene and the Au layer is around 3.03Å. The lateral distance between Au and Au atoms is 3.09Å, which is close to 2.95Å, the length of the Au(111) 1 × 1. We can regard the Au layer as the Au(111) surface expanded by 4.7%.
Unlike previous calculations [5, 4, 12] , we believe that the mismatches at the graphene/Au and Au/SiC(0001) interfaces should be considered. Therefore, lateral strains were applied to the coherent interface and their atomic structures were also relaxed. This method has been used to study the strain in different surface systems [21] [22] [23] [24] . The relative energies versus the strain of graphene are plotted in figure 2(a) . The lowest energy is set to zero and the strain is defined with respect to the periodicity of graphene. The strain with the lowest energy is about 5.9%. However, the band structure for strain at 8.4% is shown in figure 2(b) . We used similar definitions for the Dirac point and induced gap as those employed in the study by Zhou et al [3] . In figure 2(c), the calculated Dirac point is −0.83 eV (e.g. 0.83 eV below the Fermi level) which is consistent with the experimental value of −0.85 eV. The induced gap is quite small and found to be 0.03 eV. To understand how the Dirac point changes as the strain is varied, we calculated the band structures and located the Dirac points for four special cases. The first case is graphene without strain, while the second is graphene under 3.5% strain and the third is the strain with the lowest energy. The fourth is the SiC(0001) without strain. The respective positions of the Dirac points are −0.23, −0.33, −0.67 and −0.83 eV, as shown in figure 2(a) . Though at 5.9% strain, the system has the lowest energy we found that at 8.4% strain the Dirac point is in excellent agreement with experimental observations [13] .
Next, we constructed the atomic structure of Au intercalation between graphene and SiC(0001) at an Au coverage of 9/8 ML. Two possible stackings of Au between graphene and SiC(0001) were proposed. One is the ABC stacking (face-centered cubic), while the other is the ABA stacking (hexagonal close-packed) as shown in figures 1(d) and (e). The corresponding top view is shown in figure 1(c) , similar to as in 3/8 ML. Figures 1(g ) and (h) are side views corresponding to the top view 1(f). The same approaches were used to locate the strain with the lowest energy. Two bilayers of SiC(0001) is included in the coherent interface rather than four bilayers. We also noted that the energy difference between atomic structures of figures 1(c) and (f) at an Au coverage of 9/8 ML is rather small and there is no significant effect in the electronic structures. The variations of energy versus strain of graphene are shown in figure 3(a) . Only the curves corresponding to the top atomic structures of figure 1(c) are shown. The energy curve of ABC stacking (FCC) of Au(111) is slightly lower than that of the ABA stacking (HCP) in figure 3(a) . The strains with the lowest energy for both stackings are found to be 3.9%. The corresponding band structures for FCC are shown in figures 3(b) and (c). The calculated Dirac points are +0.11 and +0.09 eV for FCC and HCP, respectively, while the experimental value is at +0.10 eV. Similarly, four special cases were also examined in figure 3(a) which show that the corresponding positions of the Dirac points are +0.38 (+0.38), +0.10 (+0.13), +0.11 (+0.09) and −0.03 (−0.04) eV for FCC (HCP). We also found that, when graphene is under 2.6% strain, the Dirac point matches the experimental value well.
To understand the effect of the SiC(0001) substrate on graphene/Au(111) and the lattice mismatch between two interfaces (graphene/Au and Au/SiC(0001)) at 9/8 ML, we also plotted the energy versus strain without the supporting SiC(0001) substrate. The lowest energy condition is when graphene is at 0% strain, i.e. Au layers are compressed by 3.4%. Owing to the high ductility and malleability of Au, it is plausible that Au layers are compressed to match the periodicity of graphene. However, the corresponding Dirac points for FCC and HCP are +0.38 and +0.40 eV, which differ widely from the experimental value of 0.1 eV. The SiC(0001) substrate has a strong influence on the electronic doping. This also validated the periodicity setting used in recent studies in which metal substrates are compressed to match the length of graphene [19, 20] . They showed that the Dirac point for graphene chemisorbed on Au(111) is +0.19 eV. Note that six layers of Au(111) were used in [19, 20] , while only three layers of Au (111) were employed in the present study.
Another issue worth exploring is the impact of the thickness of 4H-SiC(0001). Thus, in this study we varied the thickness of 4H-SiC(0001). The results are summarized in table 1 and figures 2(a) and 3(a). For a four-bilayer substrate, our calculations showed that at an Au coverage of 9/8 ML the strain with the lowest energy is 5.3%, whereas at an Au coverage of 3/8 ML it is 5.9%. For the same thickness of substrates, the periodicity of the interface with three Au layers is generally closer to that of Au(111) (around 3.5%) than that with one Au layer. Nonetheless, in terms of the position of Dirac point, for Au at 3/8 ML the best match to the experiment is graphene under 8.4% strain (e.g. SiC(0001) lattice constant), while for Au at 9/8 ML, the best match to the experiment is graphene at around 3.5% strain (Au(111) lattice constant) as shown in figures 2(a) and (c).
In addition, the recalculated Dirac point for the twocarbon layer model (e.g. one graphene layer and one graphite buffer layer) [4] using a one-bilayer SiC(0001) substrate is −0.37 eV (see table 1) which is close to the experimental value of −0.42 eV. Note that the Dirac points were found to be −0.67 eV and −0.42 eV in studies by Varchon et al [4] (using a 9 × 9 × 1 grid) and by Mattausch et al [5] (using a 7 × 7 × 1 grid), respectively. In addition, our recalculated induced gap is close to zero which is similar to what they found in previous studies [4, 5] , whereas the experimental value of the induced gap is about 0.26 eV [3] .
Moreover, we constructed the atomic structure of Hintercalated graphene on SiC(0001) at an H coverage of 3/8 ML. Several structures were examined and we found that the lowest energy structure is one in which the H atoms saturate the topmost Si bonds of SiC(0001) resulting in a freestanding graphene. Our lowest energy structure is the same as that reported in a recent study by Lee et al [12] . The Dirac point in Table 1 . Strains, ε, with the lowest energies for different substrates, the corresponding Dirac points, E D (eV), induced gaps, (eV) and the Dirac points of graphene without the substrate under the same strain are listed. Graphene is labeled as G. [11] . c Reference [3] .
that study [12] (4× 4 × 1) is at −0.07 eV, while experimentally it is at +0.10 eV [11] . Furthermore, the energy versus strain plots were generated and it was found that the strain with the lowest energy was 3.1% for a one-bilayer SiC(0001) substrate as listed in table 1. The corresponding Dirac point is at 0.01 eV, barely above the Fermi level. The calculated Dirac points of both the current and previous studies [12] are both near the Fermi level. Our calculations indicate that H intercalation results in an almost fully decoupled graphene, though that Dirac point is off by +0.09 eV compared to that reported in the ARPES experiment [13] . Furthermore, the induced gap is found to be 0.02 eV. By using the position of the Dirac point as an indicator, we can estimate the depth of the interface regime. It is clear that the mismatch at the interfaces seems to propagate into the uppermost layers of the SiC(0001) substrate while the lower still retains its ideal lattice constant. The bond strengths will apparently affect the depth of the interface regime. In the case of the two-carbon layer model [4] , as well as the intercalation models with an H coverage of 3/8 ML [12] the coherent interface includes only the topmost SiC(0001) bilayer. For the model with an Au coverage of 9/8 ML (forming three Au layers), the top Au and bottom Au layers have strong bonding with graphene and SiC(0001), respectively. However, the intermediate Au layer has high ductility and malleability and thus behaves as a cushion. As a result, two SiC(0001) bilayers are considered to be included in the interface regime.
The reader might suspect that the shift of the Dirac point probably results from the effect of strain. To confirm this, the Dirac points of the single sheet of graphene under the aforementioned strains were also calculated. Our results were summarized in table 1. They clearly show that the change in the Dirac point due to strain is less than 0.02 eV and can be ignored.
We noted that the force convergence criterion for atomic relaxation after applied strain affects the distance between graphene and substrate. This would also result in different amount of charge transfer between graphene and substrate [19, 20] , thus change the position of the Dirac point.
Finally, we also calculated the induced gaps, , for all our calculations. As table 1 shows, the calculated induced gaps are all close to zero and inconsistent with the experimental value of 0.26 eV for the two-carbon layer model (e.g. graphene and one graphite buffer layer) on SiC(0001) [3] . We further examined the projected density of states for the cases listed in table 1 and found no obvious suppression of the density of state (DOS) around the center of the Dirac cone. We conclude that neither the strained interface nor suppressed DOS near the center of the Dirac cone causes the gap opening.
Conclusions
The atomic and electronic structures of an Au-intercalated graphene monolayer on an SiC(0001) surface are investigated using first-principles calculations. The unique Dirac cone of graphene near the K point reappear as the monolayer is intercalated by Au atoms. We have demonstrated an approach to study the mismatch and strain at the interfaces. Our calculations show that the strain at the graphene/Au and Au/SiC(0001) interfaces play a key role in the electronic structures. The shift of the Dirac point resulting from the electronic doping is not only due to the different electronegativities but also the strain at the interfaces. Our calculated positions of Dirac points are consistent with those observed in the ARPES experiment.
